We report on the optical-gain properties of channel waveguides patterned into lattice-matched KGd x Lu y Er 1-x-y (WO 4 ) 2 layers grown onto undoped KY(WO 4 ) 2 substrates by liquid phase epitaxy. A systematic investigation of gain is performed for five different Er 3+ concentrations in the range of 0.75 to 10at.% and different pump powers and signal wavelengths. In pump-probe-beam experiments, relative internal gain, i.e., signal enhancement minus absorption loss of light propagating in the channel waveguide, is experimentally demonstrated, with a maximum value of 12 ± 5 dB/cm for signals at the peakemission wavelength of 1534.7 nm.
Introduction
The great success of erbium-doped fiber amplifiers near 1.5 µm has triggered significant research on host materials and fabrication techniques for erbium-doped waveguide amplifiers (EDWA) [1] [2] [3] [4] [5] . Optical losses have limited the widespread application of integrated-optical circuit chips. The aim to compensate these losses has fueled the demand for on-chipintegrated host materials with erbium concentrations exceeding 10 20 cm −3 to increase the gain in EDWAs. Low dopant solubility, which causes Er 3+ clusters, is a major obstacle to increasing the erbium density in glass hosts. Furthermore, inter-ionic energy-transfer processes are enhanced at increased erbium concentrations, thus limiting the maximum achievable gain [6] .
In typical EDWAs gain per unit length of up to ~10 dB/cm has been reported so far [1, [3] [4] [5] [7] [8] [9] [10] [11] . With Yb co-doping, ~13 dB/cm were obtained [9] . Yb co-doping usually comes at the cost of lower total gain, because part of the pump power absorbed by Yb ions is followed by intrinsic decay rather than being transferred to Er ions. Erbium doped into crystalline materials has been the subject of recent investigations to increase the maximum achievable gain in waveguide amplifiers [12, 13] . Recently, a gain of 100 dB/cm has been reported in a single-crystal erbium chloride silicate nanowire [14] . However, the fabrication method for such nanowires makes their integration in integrated photonic systems difficult and their dimension particularly complicates pump-and signal-light coupling.
A record-high optical gain of ~1000 dB/cm at 981 nm was demonstrated in an ytterbiumdoped potassium double tungstate channel-waveguide amplifier [15] . In this family of host materials [16] , rare-earth ions exhibit among the highest transition cross-sections reported so far [17] [18] [19] [20] , making these materials very promising for integrated amplifiers. Unlike in glass hosts, rare-earth ions in crystalline potassium double tungstates are located at significantly larger distances [21, 22] , thereby diminishing the probability of detrimental energy-transfer processes [23, 24] . Due to the increased layer-substrate refractive index contrast by co-doping the layer with Gd and Lu ions [25, 26] , an improved field confinement in the guiding layer and large population inversion can be achieved in a potassium double tungstate channelwaveguide structure, resulting in high optical gain [15] .
In this paper, we report on the fabrication and experimental characterization of optical gain in erbium-doped potassium gadolinium lutetium double tungstate, KGd x Lu y Er 1-xy (WO 4 ) 2 , waveguide amplifiers. Five samples with Er 3+ concentrations ranging from 0.75 to 10at.% are investigated. A relative internal gain of 12 ± 5 dB/cm at 1534.7 nm is demonstrated for an erbium concentration of 6at.% with a potentially exploitable bandwidth of ~116 nm. (Table 1 ). Lapping and polishing of the layer surface parallel to the substrate-layer interface were performed to achieve the desired layer thickness and surface quality.
Fabrication of channel waveguides
Refractive-index measurements were performed in sample III (see Table 1 ) using m-line spectroscopy [30] (Metricon 2010), with four different light sources with wavelengths at 0.633, 0.83, 1.3, and 1.55 µm. A least-squares fit of a single-term Sellmeier equation,
with q = g, m, p representing the three axes of the optical indicatrix and λ the wavelength in units of µm, was performed, from which the Sellmeier coefficients were obtained (B g = 3.187, C g = 0.158, B m = 2.999, C m = 0.162, B p = 2.879, and C p = 0.158). All three refractive indices (n g , n m , and n p ) of the grown layers are in close agreement with those previously reported for similar layers doped with Yb 3+ [26] .
Rib channel waveguides parallel to the N g axis in the N m -N g plane of the crystalline layer were micro-structured by Ar + etching [31], hence the optical modes could propagate with a polarization of either E||N m or E||N p . Images of a patterned sample and an SEM image of the end facet of a channel waveguide are presented in Fig. 1 . For all measurements, the signal and pump electric fields were aligned parallel to the N m axis, i.e., with transverse-electric (TE) polarization. Composition (nominal values of the initial solution with an accuracy of 10 −3 at.% [26]) and channel dimensions such as polished-layer thickness (t), etch depth (d), channel width (w), and length () of each investigated sample are given in Table 1 . Channels support the zero-order and first-order modes at pump and signal wavelengths for TE polarization.
Fabrication defects in channel waveguides appeared after patterning of all samples. These defects, ranging in size from a couple to hundreds of micrometers in length, were introduced during the lithographic process, presumably caused during manipulation or contact with the photoresist after exposure. These defects were transferred to the guiding layer during the ionbeam etching. Samples I, II, and III had continuous channel waveguides without defects across the initial sample length (≥ 8 mm), whereas samples IV and V suffered from large defects truncating the channel waveguides, which lead to strong scattering of the coupled light at each defect position. Consequently, the samples were diced into smaller sections where no disruptions in the channel waveguides were observed. 
Gain characterization
Measurements of signal enhancement were performed in a free-space pump-probe setup, consisting of a continuous-wave Ti:Sapphire laser as the pump source on the 4 I 15/2 → 4 I 11/2 ground-state-absorption (GSA) transition and a laser diode (Agilent 81600B) as the signal source on the 4 I 13/2 → 4 I 15/2 gain transition, modulated at 1 kHz for lock-in detection. The incident signal power was set below 1 µW, such that the gain measurements were performed in the small-signal-gain regime. The pump wavelength was centered at 984.5 nm, because pump excited-state absorption (ESA) on the 4 I 11/2 → 4 F 7/2 transition is weaker at this wavelength compared to shorter wavelengths, whereas only a small penalization in the GSA cross-section is encountered [32] . The pump and signal beams were combined by use of a dichroic mirror and launched into the channel waveguide by a × 10 microscope objective. At the output side, the amplified signal and residual pump were collimated using a × 60 microscope objective. The residual pump was attenuated using a 3 mm thick Silicon filter, whereas the transmitted signal was coupled through a multimode fiber into a monochromator (H25 Yvon Jobin), where the amplified spontaneous emission (ASE) and signal were dispersed, and detected by a InGaAs detector connected to a lock-in-amplifier. The combination of the Si filter, the monochromator, and the lock-in amplifier suppressed any contribution of residual pump and ASE to the signal-enhancement measurement. The internal signal enhancement per unit length in dB/cm is given by, , ,
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where P S,Pp,on and P S,Pp,off are the transmitted signal power when the channel is pumped and unpumped, respectively. It was determined directly from the measured results of the pumpprobe experiment. The relative internal gain (γ−α abs,S ) was then obtained by subtracting the calculated Er 3+ absorption coefficient of the unpumped sample at the signal wavelength of 1534.7 nm given by α abs,S = 10 log 10 (e 1 ) σ a,S N d Γ (in dB/cm), where σ a,S is the absorption cross-section of Er 3+ in the host crystal at the signal wavelength (1534.7 nm), N d is the dopant concentration of each sample, and Γ is the calculated overlap factor of the signal-mode profile with the doped region. The values of Γ and N d are given in Table 1 . A value of 2.51 × 10 −20 cm 2 was used for σ a,S [17] . The air-cladded channel waveguides investigated here exhibited rather high propagation losses of α loss > 1 dB/cm, compared to typical propagation losses α loss found in buried channel waveguides ranging from 0.34 dB/cm near 1 µm [33] down to 0.11 dB/cm near 1.8 µm [34] due to the increased sidewall scattering at the double tungstate/air interface. Furthermore, the propagation losses varied significantly from sample to sample because of the abovementioned individual fabrication errors. For the sake of meaningful comparison between the different dopant concentrations, as well as to highlight the potential of erbium-doped channel waveguides in this material, only the relative internal gain (γ−α abs,S ) is reported. However, the internal net gain achievable for different propagation losses can be obtained in first-order approximation, i.e., neglecting the effect of pump reduction along the length of the amplifier due to the propagation losses, from the values in Table 1 by subtracting the propagation loss in dB/cm. Figure 2 (a) displays the experimental relative internal gain at 1534.7 nm as a function of incident pump power for the set of samples. For sample IV, for which α abs,S = 40.83 dB/cm, a maximum internal gain of ~12 ± 5 dB/cm was experimentally achieved for an incident pump power of ~600 mW.
The maximum relative internal gain values measured at 1534.7 nm for the complete set of five samples are presented in Fig. 2(b) . For each sample, the internal gain as a function of incident pump power was measured. The maximum relative internal gain plotted in Fig. 2(b) is the value at saturation. For the pump powers utilized in these measurements, the five samples operated under gain saturation. Therefore, the values of gain per unit length presented in Fig. 2(b) can be directly compared to each other. For the given waveguide geometries, the maximum gain per unit length is achieved at a doping concentration of 3.8 × 10 20 cm −3 (sample IV). In Fig. 2(b) it can be seen that the maximum achievable gain per unit length is reduced for the highest doping concentration. Detrimental effects, including energytransfer upconversion (ETU) and pump excited-state absorption (ESA) are responsible for the decrease of gain at increasing Er 3+ concentrations [6, 8, 32 ]. Wavelength-dependent total relative internal gain in dB was measured from 1489 nm to 1605 nm in sample III (Fig. 3) . Signal-enhancement measurements, at the complete emission spectrum, were the highest for sample III due to its combination of large waveguide length and relatively high doping concentration. Therefore, sample III was selected for the wavelength-dependent gain measurement. The total relative internal gain for different incident pump powers was determined across the spectral range (data points in Fig. 3 ). From Fig. 3 , an internal gain bandwidth (defined between the two points of γ−α abs,S = 0 dB) of 116 nm could be obtained for > 500 mW of incident pump power. The bottom and top curves in Fig. 3 represent the wavelength-dependent relative internal gain for zero and complete excitation of the 4 I 13/2 amplifier level, calculated as the absorption cross section [17] multiplied by N 0 = N d and the emission cross section [17] multiplied by N 1 = N d , respectively. From the data points in Fig. 3 , it is possible to see that, as the pump power is increased, the signal absorption reduces until positive relative internal gain can be observed. A lower threshold for longer wavelengths is observed for incident powers ~256 mW. Amplification further extends to the blue-side of the spectrum as the excitation density of the 4 I 13/2 level, N 1 ,
